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PREFACE

There are, in general, two basic methods of obtaining

aircraft performance from flight test data. BAircraft performance

is defined here as engineering data which can be used to realis-

tically represent the aircraft capabilities (i.e., specific range,
turning performance, acceleration time, time-to-climb, etc.). The
first of these methods, the Direct method, is to fly a particular

maneuver of interest and mathematically correct this maneuver to

a given set of standard conditions. Several similar maneuvers at

different flight éonditions are then combined in a composite map
representing one aspect of the aircraft performance.\‘For example,
families of stabilized points at different constant values of W/§
are used to represent aircraft specific range; or specific excess
power is calculated from several accelerations at different altitudes

and combined to represent ‘the ability of the aircraft to change its

enerqgy state.

-

The Indirect method is more subtle and has its basis deeper

in theory. By this method, a group of aerodynamic and propulsion

parameters are developed which in themselves are only numbers and

do not represent performance. These parameters are not tied to a

specific maneuver or maneuver type, but in general relate the
physical forces required to achieve a certain flight condition.
Such parametars for an aircraft would be the drag coefficient, lift

coefficient, thrust available, fuel flow requirements, etc. However, -
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;7thcso paramoters can be combined with known facts about the airframe

!
i

!

and propulsion system in such a fashion as to compute airplane
performance.\\For example, the airplane drag polar and thrust-fuel

flow requiremgints can be coupled to develop aircraft specific range

data,

Any valid flight test program can pursuec cither the Direct
method or thgfIndircct method of obtaining aircraft performance
within certa#n limitations. 1In general, basic flight test maneuvers

may be placeﬁ into three categories:
/

o fbteady state maneuvers: excess thrust is essentially

¢
/

/
/

e Quasi steady state mancuvers: excess thrust is not

zero (example -~ steady point).

,/ necessarily zero, but the normal load factor rcemains
| near unity (example - climb or acceleration).

. ® Dynamic maneuvers: normal load factor deviates from
unity because of test technique (example ~ wind-up turn
or rollercoaster).

The data acquisition technique for extraction of aero-
dynamiq and performance data will generally consist of either:
® Airspeed - altitude measurcments (energy method).

' ® Position measurements(radar or camera method).
e Longitudinal and normal accclcerometer mecasurements

, (hereafter referred to as the accelerometer method).

4
With the advent of highly accurate accelerometers, the dynamic

flaneuvers have become attractive for development of aerodynamic data -
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7 when obtaining aircraft performance using the Indirect Method. N
. Accelerometers sense the inertial or total acceleratjon acting on

an aircraft, and their value can be converted directly into force
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by multiplying by airplane gross weight, Aircraft longitudinal

acceleration data are used to mathematically compute excess thrust

Bt T
.

for use in constructing a drag polar. Dynamic maneuvers offer

) ) - n
et o [ ol s R

significant savings in time and cost over the conventional time

consuming steady state and quasi steady maneuvers for generating

Vg bbb

aerodynamic data. Several USAF, USN, and Grumman aircraft engineering

programs have established that the drag polar shape (not absolute
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level) can be obtained to within *3 percent data accuracy from %
dynamic maneuvers with time savings of 70 to 90 percent over %g
3 ) conventional methods. i
E Because these techniques offer such tremendous advantages, %E
; and because these techniques require increased care in application,_ é
3 this document is compiled as a guide to those who wish to apply the
: ' techniques.
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1.1 The development of accelerometer methods for detérmining

aircraft performance (popufhrly referred to as dynamic¢ performance
methods) was undertaken to reduce the total flight time required to
determine the overall performance of an aircraft. The overall
performance is taken to include climb, acceleration, turning,
takeoff, and level flight éeiformanCe, as well as other data used
to define the Capabilitieééof an aircraft. The accelerometer
methods -differ frum conventidnal methods in that onboard accelero-
méters are uséd to measuré longitudinal and normal load faétérs for
thé determination of aircraft excess thrust and lift. This first
chapter introdices thé subjéct of the accelerometer methods, the
applications of accelerometer methods and presents results of
thtee programs directéed toward the developmént of these methods.

Further -éxpansion of éach topic will be made in subsequent chapters.
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BACKGROUND

1.2 In recent years, several aerospace industry agencies, both
civilian and government, have investigated accelerometer methods

for determining aircraft performance with some promising results,
The accelerometer methods give an "instantaneous" measure of excess
thrust which can then be used to calculate aircraft performance.

The results of one such program are presented in reference 1l-1,

The accelerometer method was used in this case to generate drag
polars from dynamic(i.e., push-pull or wind-up turn) mancuvers.
Based on the promising results of this and other programs, and moti-
vated by the potential savings in flight time achiecved the acceler-
ometer methods are presently being used as standard procedures in
aircraft performance evaluation programs. The Air Force Flight Test
Center (AFFTC) in conjunction with the Aerospace Research Pilot
School (ARPS) organized a flight test program to define and document
dynamic performance test techniques for both subsonic and super-
sonic flight. The United States Air Force (USAF) invited
participation by the United States Navy(USN) in this program.

1.3 Test project flying began in March, 1971, with Navy
participation beginning in February. The test aircraft utilized

on this program were an A-7D assigned to ARPS and an FB-1lllA
undergiong normal Category II testing (performance and stability

and control tests) at the AFFTC. The A-7D was also the same

aircraft that was used for Category II performance tests the

1-2



year before, so that conventionally acquired data was available for
both aircraft. Both test aircraft were equipped with special
instrumentation applicable to dynamic performance, including
Systron-Donner accelerometers mounted in the noseboom of both
airciaft. A similar héceiétometef was'ﬁountédviﬁﬂéﬂghéaéﬁéii.‘"“N

of the A-7D. Instrumentation requirements are reviewed in

Chapter S,
. 1.4 The Grumman Aerospace Corporation (GAC) had proposed to the

‘Navy the use of the accelerometer methods for development, envelope
~aexpansion, and demonstration of the F-14A performance. Consequently,
N#v§~participation‘in the AFFTC/ARPS program was terminated.in o
October 1971, to provide an input to the GAC performance testing
program, Participation in the GAC performance testing program
continued through June 1972. The purpose of Navy participation

in the GAC program was to monitor the development of accelerometer
test methods and further expand the expertise gained in the Air
Force program, Of the seyeral F-14A aircraft tested, all were
provided withVSystron-Donner acceleroneters mounted near the
aircraft center of gravity. Dynamic techniques were used through-
out Board of Inspection and Survey (BIS) and technical evaluation

for the F-14A at Patuxent River, Maryland.
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SYMBOLS

Definition

The following symbols are used in Chapter 1.

R.F.

S.R.

Sv
TSFC

Drag coefficient

Lift ccefficient

Lift slope of the AOA vane
Aircraft center of gravity
Excess thrust

Acceleration of gravitg
= 32,2 feet/seconds

Altitude

system
AOA vane pivot length

Mean Aerodynamic Chord

Mach number

Flight path load factor

Specific excess power

Flight dvnami¢ pressure

Radius of action

Range faclor

Specific range

AOA Vane area

Thrust Specific Fuel Consumptlon

True airspeed

Aircraft gross weight

Fuel flow

1-4

i s e

@ sea level

Rotational mass inertia of the AOA vane 1bs—secz/ft

Common Metricn
Units Units
- (=}
- (=)
1/radians (1/radians;

percent MAC (percent MAC)

lbs (N)-
2 S 2
ft/sec (M/sec®)

£t {M)

(N-secz/M)

ft (M)

ft M)

- (-)

- (=)
ft/sec (M/sec)
1b/£t? (/M%)

ft. (M)
air n.mi. {Km)

air n.mi./lb (Km/Kg)

£62 M%)

: 1lb-hr/lb (N-sec/Kg)
ft/sec (M/sec)
lbs (Kg)
lbs/hr (Kg/sec)
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Angle of attack

£ Pressure ratio

(") First time derivative
) - Second time derivative
() Indicated value

() True value ‘

( )po Yower off
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w’fx\:—:*?’&i“?va}— e e T o= R P
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Wy - AOA vane natural frequency
tv AOA vane damping ratio

bag Induced flow correction

b pitch rate

i 3|

Common Metric g !

Units . Units : g
deg (deg) i

.

cycles/sec (cycles/sec)

Aty R

- (=)
.deg .. (radians) 3
deg/sec (rad/sec) 3
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PERFORMANCE MEASUREMENTS METHODS

1.6 There are basically three generally accapted methods of

-

obtaining aircraft performance data. These methods are denoted as:

e Airspeed/altitude (energy method)

e Position measurement (radar or camera method)

e Accelerometer (accelerometer or dynamic method).
The most convenient parameter with which to work in standardizing

aircraft performance data is excess thrust. The excess thrust at

a given flight condition, the flight path load factor, can be obtained

by:

=

Fex
W

<1l:3‘-
o+
+

A complete derivation of this equation for the wind axis system is
given in Chapter 2.

1.7 As related in reference 1l-1, the bulk of performance test
programs to date have made use of the airspeed/altitude (energy
method). Usually, an airspeed indicator, altimeter, and clock are
mounﬁéd on a photopanel, »r these parameters are recorded on
magnetic tape to gather performance data. Several schemes for
processing the data have been developed. All schemes, however,
require curve fit and differentiation to calculate the excess thrust.
1.8 Radar and camera data have been used to compute aircraft

performance information in only isolated instances, although both
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methods have yielded satisfactory results (reference 1-3). The
accuracy in both cases deépends primarily on the quaiity of the
tracking data, which in turn depends on such factors as number of
recording stations, range, elevation angle, etc.

1.9 Both the airspeed/altitude and position measurement methods
are "time dependent” in that both methods require differentiation
to resolve excess thrust. Any error of measurement in either of
the methods is amplified by the differentiation process, and the
magnitude of the time interval used for differentiation may have

a decided bearing on the results.

1.10 The accelerometer method, or dynamic performance, on the
other hand is "time independent" or instantaneous, in that a
measurement of acceleration (or load factor) along the flight path
is a“direct measure of excéss thrust. This "time independence" is
attractive in that uncertainties incurred by data smoothinw and
differentiation required by other methods are avoided.

1.11 These methods can best be summarized by table 1-1, which is
taken from reference 1-4. The table shows a rating for each method

from the standpoint of accuracy, reliability, aircraft equipment

required (least being considered best), and data processing effort

(least required by engineering personnel considered best).

1.12 In order to obtain a direct measure of excess.thrust, the
accelerometer must be aligned, either mechanically or mathematically,
to the flight path. Additionally, it must be protected from or

corrected for environmental conditions. Mechanical alignment of

1-7
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the accelerometer to the flight path can be achieved by mounting
the accelerometer in the noseboom in such a way that the accelero-
meter remains aligned with theé angle of attack vanes. Such a
system is shown in figure 1l-1l.

1.13 The alternative method is to mount the accelerometer in a

fixed position and mathematically align it with the flight path.
This is usually done by mounting the accelerometer somewhere in

the body'of the aircraft where it can be environmentally controlled

to eliminate temperature corrections. Additionally, it is preferred

" but not necessary that the accelerometer be mounted near the cg of

the aircraft to minimize corrections associated with displacement

from the cg. Such a system will be referred to as a body accelero-

meter, and if mounted near the aircraft cg will be referred to as

a cg accelerometer. The principles involved in each system are

identical, however, the transformation equations are different for

the systems.

Sl
WA

"

When resolving flight path accelerations, each system

e
i

will be considered separately. A complete derivation of the reguired

bR

coordinate transformations is given in Chapter 2.

. 1.14  The accelerometer methods (as will be shown in subsequent

o chapters) require increased care in analysis over conventional

methods. Also, the instruméentation accuracies required are greater

in the accelerometer methods. Therefore, the overall goals in any

program utilizing the accelerometer methods should be a decreased

flight time as compared with conventional methods, and/or a definition
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of a mathem~tical model with increased confidence (as discussed in
Chapter 3).
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If an accurate measurement of excess thrust is assumed,
it will be shown that both can be accémplished.
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~ THE AIRCRAFT MODEL
l;ié The basic mathematical éodel concerning the performance
engineer is based on drag, thrust available, and a thrust/fuel flow
relation oxr thrust specific fuel consumption (TSFC) relation. Each
mathematical component may be very complicated, but with all three
conmponents defined, aircraft performance capabilities can be computed.
It is assumed (though not necessarily) that the interdependence of
the above three relations is such that several different combinations
of components will yield aircraft performance. That is, if drag was
caléulated incorrectly high, and if the TSFC was correspondingly low,
the specific¢c range would be correct. For example, the level flight

thrust requireéd is equal to drag and:
S.R. = w— . (1—2)

for a TSFC of one, drag is numerically equal to fuel flow, when
drag is incorrectly high, say 10 percent, then there is a corre-
sponding decreaseé in TSFC to .9090. So that the flight generated
TSFC map is entéred with 1.1 times the drag thus yielding the
correct value of fuel flow. Similarly, with high drag and high
thrust available, a correct value of excess thrust can be obtained
to yield aircraft acceleration performance or climb performapce.
Thus, if the thrust were incorrectly m. isured by normal parametric
methods, the actual aircraft performance can be derived as long as

the thrust measurement was consistent in the range of measurement.
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Using the normal parametric measure of thrust for the calculation

of aircraft performance will be referred to as thrust modeling.

<3
g

A more detaileéd analysis of aircraft mathematical modeling is

presénted in Chapter 3.

IREEY A

The thrust model, in order to obtain

0B

i

. ] {
accurate drag and fuel flow data, must be accurate. The drag %
i

data is needed for comparison with design data, etc. However,

i

il

operational data can be derived without an "accuraté" thrust if

the thrust is "repeatable."
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i LABORATORY CALIBRATION PROCEDURES

1.16 Basic laboratory calibrations of the Systron-Donner
accelerometers was undertaken to give insight into the measurement
obtained. The Systron-Donner accelerometers consist of a pendulus
mass system whose electrical output is directly proportional to
acceleration. This is described in greater detail in reference 1l-4.
The output of the accelerometer was range extended for higher
resolution. Calibration was undertaken by the following methods;

e Ultradex Head '

e Rate Table Calibration

e Environmental Chamber Testing.

A detailed explanation of each of these procedures is given in

Chapter 6.

1-14



INFLIGHT CORRECTIONS

1.17 In addition to laboratory calibrations of the accelerometer,
flight tests, ground checks, and analytical methéds were employed
to obtain:

e Noseboom bending

® Angle of attack vane system lag response

® Angular rate effects

® Angle of attack noseboom upwash.

1.18 Boom bending calibrations were accomplished by statically

loading the nose boom to represent flight loads. For the A-7D
installation, the bending due té inertia loads was .022 degrees/ g .
Boom bending due to aerodynamic loads was considered to be part of
the aircraft}urwash, More details on boom bending are supplied
in Chapters 6 and 7, respectively.

1.19 Angle of attack VAne system lag respbnse was obtained by
determining the rotational inertia of the system in the laboratory
(see Chapter 7 for methods and derivations), and applying the
dynamic analysis and random input equations. The vane system

lag response is a primary function of the vane system natural
frequency (dn ) and damping (CV). These parameters are in turn

a function of system geometry (%, Sy and Cb ) flight conditions
v

(q,vt), and system rotational inertia (IY ). In practice, the
\'
correlation was found to be small when dealing with low rate

maneuvers.

1-15



1.20 Angular rate offecta were analytically calculated for
corrections to both angle of attack and indicated accelerations.
The measurement of angle of attack was dircctly affected by the
radius of action to the vanes (r) and the magnitude of the pitch
rate (b). and could consequently be deleted for low pitch rate
mancuvers. Corrections to indicated acceleration were a primary
function of angular rates and the moment arm betwecen the accelero-
meter and cq. A complete derivation together with corrective
procedures for thesec cffects is given in Chapter 2.

1.21 Noscboom upwash was determined by several flight test

methods:

e Attitude gyro method

e Horizon reference method

e Photographic method

e Energy methoQd.
A complete description of the various methods of obtaining aircraft
upwash is given in Chapter 7. The energy method was chosen in
the final analysis as being the most advahtngeous. In the energy
method, a stabilized point is performed with the accelerometer
being resolved through the indicated angle of attack. The
average longitudinal acceleration, as computed by airspeed/
altitude time histories, is compared to the average longitudinal
acceleration measurcd by the accelerometer. The difference between
the two is related to up wash by the appropriate accelerometer
transformation equations. Figure 1-2 shows the results of one
series of points.

l1-1¢
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The high quality of the data allows for greater confidence with
fewer data points. Additionally, since the stabilized point flight

test method is employed, the data can he taken concurrently with
airspeed calibration or other stabilized point data.

1.22 Figure 1-2 also serves to point out the relation of body

and flight path accelerometers to angle of attack. The body
accelerometer readings are transformed through the angle of attack,

while the flight path accelerometer readings are transformed through

the corrections to angle of attack. As shown in figure 1-2, for

the systems thus far tested, the corrections to angle of attack are

an order of magnitude smaller than the angle of attack (approximately

10:1), so that the flight path accelerometer is much less sensitive

to errors in measured angle of attack.

This point is expanded with

mathematical examples given in Chapter 7.

The body accelerometers,

hand, are less sensitive to pitch rates due to their
the cgqg.

on the other

proximity to This combination of factors is the primary

tradeoff to be considered when choosing an accelerometer package

where environmental control problems are not a major consideration.
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MANEUVERS FOR THE ACCELEROMETER METHODS

o

QUASI STEADY~STATE MANEUVERS
1.23

R R ot cad

The quasi steady-state maneuvers are those maneuvers which
are performed at near lg conditions, but excess thrust is not

necessarily zero; such maneuvers would be:

ey SR A oy WA A
.

climbs, descents,

stabilized points, accelerations, decelerations, etc. The major

advantages of the quasi steady-~state maneuvers are: the low pitch

W~ BN e L

rates involved (small associated corrections); and the simple,

; known test techniéues (less pilot learning time). Additionally,

the number of productive maneuvers increases (reduced test time),

<o g

AR iRt "

and a direct comparison to the energy method is available (increased
confidence).

W e e W

sy

A direct comparison with energy methods is desirable

A

R E

because on an average, the two methods should agree. Additionally,

at each point the two should be -on the order of magnitude equivalence

R g A R, SR

thereby giving an independent check on the functioning of instru-

R AR P S R

SV

mentation and validity of data reduction procedures which in turn

increases the confidence level of the data. The disadvantages of

the quasi steady-state maneuvers are:

e A#:‘ ‘.r

the lack of maneuvering data

(greater or less than nominal 1g); and the increased flight time to

L,

tm

A

gt

obtain the same data when compared with dynamic maneuvers.

A g
complete description of each of the quasi steady-state and dynamic 3
maneuvers is included in Chapters 3 and 8. %
1.24 Figure 1-3 shows the advantage of being able to compare ’%

3

energy methods with accelerometer methods. The maneuvers were §§
1-19 3
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flown with the pilot "chasing" altitude, i.e., trying to hold a
s’

constant pressure altitude for simplication of the airgspeed/

altitude (energy method) data reduction. Consequently, the change :
in load factor is greater exaggerated over typical acceleration
data.

L

The figure serves to show the direct correspondence of

specific excess power (Pé), or rate of climb potential at zero

change in airspeed, and excess thrust (Fex) with load factor as

measured by the accelerometer, while the energy method exhibits

—

a much reduced sensitivity due to the differentiation process.
1.25

pyrire

Figure 1~4 shows the thrust modeling drag polar obtained

from a typical subsonic acceleration and climb. The data scatter

is *3 percent about the subsonic (Mach number .7 and below) drag
polar line, It can be expected by conventional technique to obtain
a déta scatter of *5 percent, as taken from the equivalent USAF
Category II data.

1.26

P
K p it
e

Figure 1-5 shows the thrust modeling drag polar obtained

during typical supersonic accelerations at 30-, 40-, and 50,000

Ty g b ki AP SN L VR AT ek A e
Hnuki ot ® . -

feet with contractor predicted drag polar shapes.

A data scatter g
of 5 percent is present with most data falling in the 3 percent %
category. Part of the data scatter here is due to the Mach number %
range over which the data was sorted. That is, a point on the low :é
side of the 1.3 to 1.4 Mach range could be -5 percent while on the Aé
high side of the range at +5 percent. For supersonic data, the dynamic %
maneuvers yield the better data as discussed in Chapters 3 and 8, }E
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and in the next section. It can be expected, by conventional

techniques that this data will not be readily available.

1.27 Similar data is obtained during decelerations. Decelera-

tions data low power settings may be performed over the same

range as acceleration data, and the two may be compared to

ascertain power effects. Climb and descent data have the

particular advantage of being able to be performed at near

constant Mach number, and drag polar data exhibit less scatter

as all points can be corrected to a constant Mach number. (These

corrections are discussed in Chapter 4.)

DYNAMIC MANEUVERS

1.28 The dynamic maneuvers are those maneuvers which are done at

g levels greater than l.2g or less than 0.8g. Such maneuvers would

be roller coasters, wind-up turns, and wind-down turns. A complete

description of each of these maneuvers is included in Chapters 3
and 8. The advantage of the dynamic maneuvers are its rapidity

(less than 1 minute), its ability co be done at near constant Mach
number, and the ability to reach higher and lower lift coefficients

or angles of attack than can be reached in the quasi steady-state

maneuvers. The disadvantages are:

the pilot learning time involved

to obtain "good" maneuvers, the inability to avoid sizeable pitch

rates, and the inability to compare with energy methods.

1.29 The primary concern in the dynamic maneuver is the smooth

transition from one g 1level to the next. Under high pitch

1~ 24
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rate and high pitch acceleration conditions, the corrections to
the acceierometer readings (as derived in Chapter 2) can become
larger than the measured accelerations. The data scatter is
directly proportional to both of these parameters (pitch rate and
pitch acceleration). This may be due to the fact that the correc-
tive procedures are inadequate or from other sources, such as

flow disturbances due to angular rates, but these effects can be

minimized by performing the maneuvers at relatively low pitch rate,

and near zero pitch acceleration.

1.30 Figure 1-6 shows the result of a high rate maneuver. The

maneuver was performed at 0.1 cycles per second for two cycles, or

a total of 20.0 seconds. The data is also compared with the normal

Category II (Air Force Stability and Performance Evaluation) data

taken on the same aircraft. The dynamic maneuver shows excessive

data scatter (%7 percent), but shows a much larger number of useful
data points taken in 20 seconds than in three flights of Category IX
data. While the data in its present form is useless, it tends to
show the potential of the dynamic maneuvers. It should be noted
that a‘ slightly different fairing would have resulted at the low

CL range if the dynamic data was taken alone. It should also be
noted that the high CL for which data can be obtained has been
doubled by the use of the dynamic maneuver.

1.31 Figure 1-7 shows the results of a lower rate maneuver

(approximately one cycle in 25 seconds). The data consists also

1-25
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of wind up turn and stabilized point-total test time of less than
3-minutes. Here the data scatter is considerably less (%2 percent)
and the data agrees nicely with the contractor predicted line.

The dynamic maneuvers combined with accelerometer methods can

reduce total flight time while giving data with a high level of
confidence.
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FUEL FLOW MORELING

1.32 It became apparent rather early in the development of
these methods that the obtaining cf performance data was no 1onger‘
limited by the determination of drag or thrust available as with
conventional techniques. With a good method of measuring excess
thrust, a geries of accelerations and climbs will yield both drag
and thrust available. The limiting factor appeared to be the
generation of a thrust/fuel flow relation which must be done at
stabilized engine conditions. The generation of thrust,/fuel flow
for many military aircraft can be done conventionally. Since many
external store loadings are usually £lown, the thrust/fuel flow

is only a gas generator characteristic and does not, therefore,
depend on loading. For a test program with extensive external
store lvadings, one loading can be flown conventionally foxr four
or more flights, and subsequent data can be flown by accelerometer
methods in one or more flights per loading using the generated
thrust/fuel flow relationships in the mathematical model.

1.33 ' Fuel flow modeling offers an alternative for programs that
are extremely time constrained or on aircraft that have engines
which cannoé be used to adequately measure thrust by parametrics
(as in the early turbofan families which were operable before the
adequate parametrics were developed).

1.34 The first clue to the validity of the fuel flow modeling

concept is the interdependency of the performance parameters as

1-29
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FUEL FLOW MODELING DATA
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dashed lines represent accelerometer method/fuél flow model data.

The Category II data represents four flights, while the accelero-

meter method represents four maneuvers: a constant Mach climb;

a constant Mach descent; and level accelerations at 20,000 and
5,000 feet. The obvious advantage of the fuel flow modeling
technique is the tremendous savings in flight time. The fuel
flow model used was the LTV-Allison specification, which was
chosen so that no flight data was introduced and no information
other than that available to the flight test engineer at the time
of an evaluation would be required. Similar results have been
obtained using other fuel flow relations (such as Category II
test results) and other aircraft (FB-111A). Application of fuel

flow modeling techniques are discussed further in Chapter 3.
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ADDITIONAL AREAS OF INVESTIGATION

1.37 " In addition to the areas already discussed, preliminary

investigations have been made into the use of the accelerometer

methods, for determining takeoff and landing performance. Here,

the accelerometer data are integrated to reproduce data previously |

P2 VA PR PO VAT

obtained by runway or Askania cameras. Figure 1-9 shows one such

analysis. Main wheel rpm was used to determine lift-off time,

or the time to begin integrating altitude. All accelerometer

1
A,
I3
)

!
4
3

X
%
3
4
X
£
;
-
;2

i
‘

calculations were made by using onboard instrumentation entirely,

which in essence, gives an onboard self-contained takeoff and

landing data gathering capabilify. A further discussion of this

and other applications of accélerometer methods is contained in “g
Chapter g. E
1;35 Additional work has begun, but as yet uncompleted, in the ‘ é
area of transonics. Such schemes as integrating the accelerometer ‘%
data to obtain transonics Mach number and determination of tran- ’é
sonic performance data are being investigated. Also, the use of %
inertial navigation systems is being considered, since accelera- é
tions and angular relations are normal outputs. The advantages j%
and disadvantages of this system are as yet undetermined. Finally, ‘g
optimization of flight programs for the most efficient acquisition é
both stability and control and performance data are being considered. 1

3

By a8 0 e AT T

This final point is discussed further in Chapter 3.
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o CONCLUDING REMARKS TO CHAPTER 1 '
. 1.39 This chapter has presented an overview of the concepts and ‘
philosophy of the accelerometer methods of obtaining aircraft 3
performance with applicatién and examples from the flight test é
: development programs at EAFB and GAC. A brief discussion has é
z : been applied to the aircraft model, calibration procedures, é
§~ maneuvers, and data techniques. The remainder of the repért will é
?f amplify these topics. é
?P : 1.40 It has been shown that use of the accelerometer method of “E
3 obtaining aircraft performance can result in a tremendous savings fg
: of flight time. Conversely, for the same amount or even lesser 3%
;;, . amounts of flight time than required by conventional techniques, %
%% much higher amounts of useful flight data can be had. Finally, ‘%
;A , accelerometer methods allow for a fuller definition of flight i
%‘ operating characteristics in areas where conventional techniques 2
% ! yield little or no data. Attention will now be turned to the E
%A mechanisms by which the accelerometer methods work, the primary é
g; equatien development for an aircraft in the wind axis system. é
-
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THE ACCELEROMETER METHODS OF DETERMINING
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AIRCRAFT PERFORMANCE
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(DYNAMIC PERFORMANCE TESTING)

CHAPTER 2

THE DEVELOPMENT OF PRIMARY EQUATIONS
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SUMMARY OF CHAPTER 2

2.1 Primary equations for the use of onboard accelérometer data
(both f£light path and body mounted) for determining aircraft per- .
formance are developed. Primary equations are those mathematical
relationships which relate measured quantities to useful parameters.
They are distinguished from secondary and analysis equations in that
the latter are used to either standardize or separate effects in the
data. Reference materials are cited, or methods are presented for
obtaining all parameters necessary in the use of the primary
equations, with the exception of angle of attack and accelerometer
data which because of their complex nature are treated separately
in Chapters 6 and 7, respectively. 1In cases where sufficient
reference materials are not available, the equations are derived.
An équation summary is presented for the user who does not wish

to go through the development procedures.
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INTRODUCTION TO CHAPTER 2

2.2 The relation of measured quantities to some desired infor-

mation about a system has been a problem facing the experimentalist

since the first experiments were performed. The problem arises from

the inability to measure directly a desired quantity in all instances.
Many measurements by parametrics are taken as a matter of course.

For example, engine pressures and temperatures are measured to infer

engine thrust output. Other parametric measurements are more subtle,

such as the measurements of airspeed and altitude, which are, in
reality, parametrically measured by pressures and mechanically
convertéd to the desired parameters in the output instrument.

2.3 With onboard accelerometers, then the question arises:

Given thé measurement of aircraft acceleration, how does one arrive

at aircraft performance parameters? 1In order to answer this

question, the aircraft force balance system must be examined.
Additionally, the measurement of acceleration must be examined

to determine its relation to the aircraft system. Finally,

examination must be made of factors which affect either the aircraft
force balance system or the measurement of accelerations. This then,

will be the approach followed.
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2.3 The following symbols are used in Chapter 2.

Common
Symbol Definition Units Metric Units

a;sa, Acceleration in the subscripted ft/s'ec2 (m/secz)
direction

a Accelerometer - -

. Lift coefficient partial derivative 1l/radians (l/radians)
o with angle of attack

RIS O T T L
B S S i b B s e

A a n

cg Center of gravity $ MAC (% MAC)

4
A Gy

Drag force : 1b (N)

D

d Derivative indicator (differential) - -
E Specific energy ft (m)
F

Force, thrust, drag, etc., 1b (N)
with subscript

.o e IR
e
R e L

S

(m/ secz) i

g Acceleration of gravity ft/sec
h Altitude ft (m)
L

Lift 1b (N)
2 Length ft (m) t

P RN

M Mach number none none
m Mass slug (kg)
MAC Length of mean aerodynamic chord ft (m)

n Load factor in subscripted none none
direction

P Ambient pressure lb/ft2 (N/mz)

e b

q Dynamic pressure lb/ft2 (N/mz)
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Common
Definition Units Metric Units

Radius or distance in subscripted ft (m)

direction

. 2 2

Area of wing ft {(m™)
Time sec (sec)
Velocity (airspeed) ft/sec (m/sec)
Weight 1b ()
Airflow slugs/sec (kg/sec)
Angle of attack (aircraft reference deg (deg)

above flight path positive)
Sideslip angle deg (deqg)
Flight path angle (climb attitude deg {deqg)

positive)
Change or correction to a parameter - -
Misalignment (with subscripts) deg (deg)
Damping ratio none none
Pitch attitude (nose up positive) deg (degqg)
Boom bending deg (deg)
3.14159 none none
Aircraft heading deg (deq)
Summation - -
Thrust inclination angle deg (deg)

(longitudinal offset)
Air denisty slugs/ft3 (kg/m3)
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Greek Common .
Symbol Definition Units. Metric Units
$ Bank angle(righﬁ wing down positive) deg ‘(deg)
¥ Yaw angle(airplane nose right deg (deg)
! positive)
£
i w Angular rate deg/sec (deg/sec)
i
% w, Natural frequency cycles/sec (cycles/sec)
4
i Wq Damped frequency cycles/sec (cycles/sec)
? Ya Ratio specific heats for air - - -
: 1.40 at standard temperature

{ ) u, upwash

& s lppet ar v o2E00nS

. SUBSCRIPTS AND SUPERSCRIPTS:
% Symbol Definition
% () a/C Aircraft '
z () B Body reference
% () BB~ Boom bending
% () ex Excess’
§ () FpA Flight Path Accelerometer
§ ()g Gross
: () i Indicated
i () m ‘ Misalignment
() n Net
()o 'Initial condition
()p Pitch rate
() «zx Ram
s ()T, t True guality

Upwash
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Definition

X-axis (flight path)

Y-axis (lateral)

Z2-axis (flight path perpendicular)
Condition point

First time derivative

Second time derivative

Equal by definition
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AIRCRAFT FORCE BALANCE

2.4 The various forces contributing to a change in specific
energy (Es) of an aircraft can be found by analyzing figure 2-1.
The Eg is a measure of the total kinetic and potential energy
of an aircraft. For ease of calculation, forces will be resolvad
parallel and perpendicular to the direction of flight (wind axis
system). In the general case, the aircraft may be taken to be
both climbing and accelerating. The simplified model developed
herein assumes wings level flight at zero sideslip for the purpose
of clarity. The effects of bank angle and sideslip will be dis~
cussed later. Additionally, the gross thrust vector is assumed

to lie in the x-z plane. Toe-out effects can be accounted for by

simply viewing the gross thrust vector as the in-plane component.

(S8

o5 Resolving forces along the flight path and assuming the

mass change to be instantaneously zero:

IF

% ma, (2-1)

- J - - 3 = w = E t -
Fgcos(a+r) F. - D - Wsiny EaXA/C 3 ~at (2-2)
defining the net thrust (Fn) as:
Fn = Fgcos(a+r) - Pr . (2-3)
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FIG.

2-1:

AIRCRAFT FORCE BALANCE
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Equation 2-2 can be rewritten as:

av
. _ Wt
F. =D Wsiny = 3 ~at
or 4
\Y
_ 1 "t
Fexé Fn D = w(g 3t + 51ny)
2.6

The ram drag (Fr) is assumed to act along the flight path
and can be obtained from onboard inlet instrumentation or engine

manufacturer's curves of airflow (Wa) and by the equation:

Fr = Wa Vt .
2.7 For forces perpendicular to the flight path, the equation
becomes:

ZFz = ma,

. W
L - Wecosy + F_sin(a+t) = P
g g A/C

or

a
2
L, = W(cosY + ——S_ZS) - ngin(a-{-t)

Equations 2-5 and 2-9 become the f